Chromatin disassembly and reassembly, mediated by histone chaperones such as anti-silencing function 1 (Asf1), are likely to accompany all nuclear processes that occur on the DNA template. In order to gain insight into the functional conservation of Asf1 across eukaryotes, we have replaced the budding yeast Asf1 protein with Drosophila Asf1 (dAsf1) or either of the two human Asf1 (hAsf1a and hAsf1b) counterparts. We found that hAsf1b is best able to rescue the growth defect of Saccharomyces cerevisiae lacking Asf1. Moreover, dAsf1 and hAsf1b but not hAsf1a can replace the role of yeast Asf1 in protecting against replicational stress and activating the PHO5 gene, while only hAsf1a can replace the role of Asf1 in protecting against double-stranded-DNA-damaging agents. Furthermore, it appears that the interaction between Asf1 and the DNA damage checkpoint protein Rad53 is not required for Asf1's role in maintaining genomic integrity. In addition to indicating the functional conservation of the Asf1 proteins across species, these studies suggest distinct roles for the two human Asf1 proteins.
Chromatin is made up of a basic repeating unit called the nucleosome. The nucleosome consists of approximately 147 base pairs of DNA wrapped around a histone octamer comprising two molecules each of histones H2A, H2B, H3, and H4 (12, 13) . The deposition of histone proteins onto the DNA to form chromatin mainly occurs following DNA replication. This chromatin assembly process is mediated (at least in vitro) by histone H3-H4 chaperones, including chromatin assembly factor 1 (CAF-1) and anti-silencing function 1 (Asf1) (30) . The role of Asf1-mediated chromatin assembly in cellular processes is not limited to DNA replication, as budding yeast deleted for ASF1 have phenotypes that implicate Asf1 in transcriptional silencing, transcriptional regulation, protection against DNAdamaging agents, genomic instability, normal cell cycle progression, and DNA replication (1, 2, 5, 8-10, 14, 19, 20, 22-25, 28, 30) . Although Asf1 is highly conserved through evolution, it is unclear whether Asf1 from higher eukaryotes also plays a role in these processes.
Asf1 functions as an H3-H4 histone chaperone to regulate transcription. Saccharomyces cerevisiae Asf1 was originally identified by its ability to derepress transcriptional silencing when overexpressed (10, 27) . Transcriptional silencing is mediated by a specialized repressive chromatin structure akin to heterochromatin in higher eukaryotes. While deletion of ASF1 results in a nominal decrease in transcriptional silencing (10, 27) , this defect is exacerbated by inactivation of CAF-1, suggesting a role for Asf1 in silencing (30) . In addition to a role in transcriptional silencing, Asf1 has also been shown to have a direct role in transcriptional activation. For example, degradation of Asf1 results in the immediate deregulation of many genes without the requirement for passage through S phase (33) . As such, the transcriptional role of Asf1 is independent of its role during DNA replication-coupled chromatin assembly. A molecular mechanism by which Asf1 may directly influence gene expression has become evident at the yeast PHO5 and PHO8 promoters, where Asf1-mediated nucleosome disassembly is required for transcriptional activation of these genes (1) .
Asf1 also appears to play an important, although poorly understood, role in maintaining genomic stability. For example, yeast cells deleted for Asf1 grow slowly, due to activation of the DNA damage checkpoint as a result of an increased level of spontaneous DNA damage (24) . Furthermore, Asf1 mutants have an increased rate of genomic instability (19, 22, 24) . Spontaneous DNA damage and genomic instability are usually the result of problems during DNA replication, suggesting that Asf1-mediated chromatin assembly influences DNA replication. Yeast cells deleted for ASF1 are also highly sensitive to DNA-damaging agents (31) and it is possible that Asf1 assembles and/or disassembles chromatin during DNA repair.
Asf1 has also been implicated as a target of the DNA damage checkpoint response. Specifically, Asf1 binds to the yeast DNA damage checkpoint kinase Rad53 (5, 8) . Upon activation of the DNA damage checkpoint, Rad53 is phosphorylated, causing Asf1 to be released and allowing it to bind histones (5, 8) . This dynamic interaction may activate Asf1 to bring histones to DNA damage in order to repair the chromatin structure.
While most of the cellular processes affected by Asf1 have been discovered in yeast, it is unclear what role Asf1 plays in higher eukaryotes. Drosophila melanogaster Asf1 has been shown to be essential and also appears to influence chromatin structure, as measured by transcriptional assays of heterochromatin structure in flies (16) . The human homologs of Asf1, hAsf1a and hAsf1b, both bind to replication-specific and transcription-specific histone variants, H3.1 and H3.3, respectively, suggesting that both human Asf1 proteins may also assemble/ disassemble chromatin during DNA replication and transcription (29) . Indeed, RNA interference depletion of human Asf1a and Asf1b results in an elongated S phase, suggesting a role for human Asf1 proteins during DNA replication (7) . It is important to functionally compare higher eukaryotic and yeast Asf1 in order to gain insight into the role of Asf1 in Drosophila and humans.
In order to determine whether Asf1 is functionally conserved across eukaryotic species and to examine whether human Asf1a and Asf1b have distinct functions, we tested the ability of the Drosophila and human Asf1 proteins to functionally replace S. cerevisiae Asf1. Using genetic and biochemical approaches, we show that there is remarkable conservation and interesting distinctions between the functions and proteinprotein interactions mediated by the yeast, Drosophila, and human Asf1 proteins that provide novel insight into the function of Asf1 in higher eukaryotes. Indeed, we find that the functions of the yeast Asf1 protein have been divided between the two human Asf1 proteins, with hAsf1a playing a primary role in DNA repair and hAsf1b contributing to genomic stability during DNA replication, transcription, and replication. Immunoprecipitation. Immunoprecipitation of proteins was performed as described previously (11) with the following alterations. Yeast cells were grown to an optical density at 600 nm (OD 600 ) of 1.0 to 1.5. Cells were washed twice with phosphate-buffered saline (PBS). One half of the culture was then incubated for 30 min at room temperature with 3 mM of the thiol-cleavable homobifunctional cross-linker dithiobis(succinimidyl propionate) (DSP) in PBS made from a 0.1 M stock diluted in dimethyl sulfoxide (4) . The other half of the culture was left untreated.
MATERIALS AND METHODS

Yeast
Cells were washed with PBS and then resuspended in lysis buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 2 mM EDTA, 0.2% Triton X-100, phenylmethylsulfonyl fluoride, benzamidine, aprotinin, leupeptin) at 4°C. Total protein was measured and equivalent amounts of protein were immunoprecipitated for each sample, between 6 mg/ml and 8 mg/ml. Asf1-Myc was immunoprecipitated using a 1:50 dilution of anti-rabbit polyclonal c-Myc (A-14) (Santa Cruz Biotechnology). The anti-Myc antibody was captured on protein A-Sepharose beads, which was washed in lysis buffer and then the beads were resuspended in 20 l of protein sample buffer, boiled, and 10 l was resolved by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and detected by Western blot analysis. Nitrocellulose membranes were blocked in 3% milk in Tris-buffered saline (TBS) plus 0.05% Tween 20 and primary antibodies H3AcK9/14 (1:500) (Upstate), Rad53 (1:100) (yC-19) (Santa Cruz Biotechnology), and c-Myc (1:100) were incubated in 3% milk in TBS plus 0.05% Tween 20 overnight and washed with TBS plus 0.05% Tween 20. Protein was detected using anti-rabbit or antigoat secondary antibodies conjugated to horseradish peroxidase and ECL reagents (Amersham Biosciences). Each immunoprecipitation was repeated at least 3 independent times with similar results.
DNA damage sensitivity and silencing assays. Yeast strains were grown to log phase and adjusted to an OD 600 of 1.0 and plated in 10-fold serial dilutions onto YEPD or YEPD containing hydroxyurea, bleomycin, camptothecin, methane methyl sulfonate, 5Јfluoroorotic acid, or low adenine. Yeast were grown for 2 to 3 days at 30°C on plates.
Growth analysis. Yeast cultures were grown to log phase and diluted to OD 600 of 0.1 and optical density was measured every hour and graphed using Excel. Strains were streaked onto YEPD to visualize colony size compared to the wild type.
Phosphatase assay. The phosphatase assay was performed as described previously (1).
RESULTS
Human Asf1b best compensates for the growth defect of yeast deleted for ASF1. We sought to gain insight into the functional conservation of the Asf1 proteins across eukaryotes and the potential functional differences between the two human Asf1 proteins. In contrast to the single Asf1 protein in budding yeast and Drosophila, there are two forms of Asf1 in humans, hAsf1a and hAsf1b. The sequence of the C terminus of Asf1 is divergent across species (Fig. 1A ). The C terminus is dispensable for the role of Asf1 in silencing, resistance to DNA-damaging agents and replicational stress, interaction with histones, Rad53 and HIRA, and Asf1's ability to deposit histones onto DNA in vitro (3, 32) . The conserved N-terminal region of Drosophila Asf1 is 59% identical to the yeast protein, while hAsf1a and hAsf1b are 57% and 59% identical to yeast Asf1, respectively, and are 84% identical to each other.
Due to the similarities between the Asf1 proteins, we asked whether the Drosophila or human Asf1 proteins could functionally compensate for the deletion of budding yeast ASF1. We integrated the Drosophila gene (dASF1) and the human gene (hASF1a and hASF1b) open reading frames in place of the endogenous yeast ASF1 open reading frame (Fig. 1B) . In this manner, the Drosophila or either human Asf1 protein was the sole Asf1 protein within the cell and under the transcriptional control of the yeast ASF1 promoter. A C-terminal 13-Myc epitope was included to verify equal expression levels of the yeast, Drosophila, and human Asf1 proteins (Fig. 1C) .
In order to compare the functions of Asf1 proteins across eukaryotes, we tested the ability of the Drosophila and human Asf1 homologs to replace yeast Asf1 for growth. Yeast deleted for ASF1 grow slowly due to an elongated metaphase of the cell cycle (24) . This metaphase elongation is due to activation of the DNA damage checkpoint in response to an elevated level of spontaneous DNA damage during DNA replication (24) . We compared the growth of wild-type yeast, yeast deleted for ASF1, and those containing only hAsf1a, hAsf1b, or dAsf1. We found that human Asf1b best complemented the slow growth rate of yeast deleted for ASF1, while hAsf1a and dAsf1 only partially complemented the growth rate ( Fig. 2A) . In support of this, the colony size for yeast containing hAsf1b was closest to that of wild-type Asf1 yeast, while colonies of yeast strains containing hAsf1a and dAsf1 were only slightly bigger than yeast deleted for ASF1 (Fig. 2B) . Furthermore, yeast containing hAsf1b accumulated in the G 2 /M phase of the cell cycle to a much lesser degree than yeast deleted for ASF1 or yeast containing hAsf1a or dAsf1, as determined by flow cytometry analysis (data not shown). These results indicate that hAsf1b can mimic the role of yeast Asf1 in preventing slow growth, suggesting that hAsf1b is more functionally similar to yeast Asf1.
Drosophila Asf1 and human Asf1b protect against replicational stress, while human Asf1a protects against doublestrand DNA-damaging agents. In order to further examine the role of the Asf1 homologs in maintaining genomic integrity, we tested their ability to provide resistance to agents that induce DNA damage and replicational stress. Yeast lacking ASF1 are highly sensitive to the radiomimetic drug bleomycin, which induces double-strand DNA damage (5, 30) . We found that human Asf1a, but not human Asf1b or Drosophila Asf1, is able to restore resistance to bleomycin (Fig. 3) .
Yeast lacking ASF1 are also highly sensitive to agents that induce DNA damage during DNA replication, such as the DNA-alkylating agent methyl methane sulfonate, the topoisomerase I religation inhibitor camptothecin, and hydroxyurea, which results in replicational stalling (10, 24, 27, 30) . We found that human Asf1b and Drosophila Asf1 are able to fully restore resistance to hydroxyurea, camptothecin, and methyl methane sulfonate, while human Asf1a only partially restores resistance to these agents (Fig. 3) . The sensitivity of strains These results allow us to separate the functions of the human Asf1 proteins, where hAsf1a functions in maintaining viability in response to double-strand DNA damage, and hAsf1b function is more important during DNA replication. We suggest that hAsf1a contributes to the repair of DNA damage in human cells by disassembling and reassembling the chromatin structure at a DNA break, while hAsf1b acts in disassembling and reassembling histones onto DNA at replication forks. This is an interesting divergence of species, since there is only one copy of yeast Asf1 to perform both of these functions. Furthermore, Drosophila Asf1 appears to be more functionally similar to human Asf1b than Asf1a during the maintenance of genomic integrity in response to exogenous DNA-damaging agents and replicational stress.
Human Asf1a and Asf1b and Drosophila Asf1 partially complement the role of yeast Asf1 in transcriptional silencing. In order to gain further insight into the function of the human and Drosophila Asf1 proteins, we examined whether they could mediate transcriptional silencing in yeast. Asf1 contributes to transcriptional silencing at the yeast telomeres and the HMR and HML silent mating type loci (30) . We used a URA3 marker inserted proximal to the telomere of chromosome VII and an ADE2 marker inserted into the HMR locus in order to measure silencing by the different homologs of Asf1. These experiments were performed in yeast deleted for the CAC1 gene, encoding a subunit of the chromatin assembly factor CAF-1 complex, as this deletion allows the role of Asf1 in silencing to be measured (30) . Silencing of the telomere-proximal URA3 gene is measured by growth on the drug 5Ј fluoroorotic acid (5ЈFOA), where wild-type silencing of URA3 allows growth on 5ЈFOA and a silencing defect causes death on 5ЈFOA. We found that hAsf1b and dAsf1 allowed more growth on 5ЈFOA than yeast deleted for ASF1 or yeast containing hAsf1a (Fig. 4) . This result indicates that hAsf1b and dAsf1 can best mimic the role of yeast Asf1 for telomeric silencing, suggesting that hAsf1b may play a more prominent role in heterochromatin formation in human cells than hAsf1a.
Silencing of the HMR-inserted ADE2 gene is measured by colony color, as silencing of ADE2 leads to the build-up of a red pigment from the adenine biosynthesis pathway, yielding red colonies. A silencing defect at HMR::ADE2 results in white colonies, as seen for the yeast deleted for ASF1 (Fig. 4) . hAsf1a, hAsf1b, and dAsf1 yielded colonies that were more pink than yeast deleted for ASF1 but less pink than colonies containing yeast Asf1 (Fig. 4) . Slight variations in the colony color were observed in the strains containing hAsf1a, hAsf1b, and dAsf1, presumably due to the defect in maintenance of transcriptional silencing that results from the deletion of CAC1 in these strains (15) . This result shows that hAsf1a, hAsf1b, and dAsf1 can partially mimic the role of yeast Asf1 for silencing of the mating type locus. Taken together, these data indi- 3 . Ability of homologs of Asf1 to provide resistance to DNA-damaging agents. Exponentially growing cultures of yeast strains ROY1172 (yAsf1), BAT016 (hAsf1a), KDY006 (hAsf1b), BAT014 (dAsf1), and ROY1170 (asf1⌬) were plated in 10-fold serial dilutions on rich medium (control), rich medium plus 1.5 mU bleomycin, 100 mM hydroxyurea, 10 M camptothecin, and 0.01% methyl methane sulfonate and grown for 2 to 3 days at 30°C. , although this appears to be in a locus-specific manner for hAsf1a. Human Asf1b and dAsf1 complement the role of yeast Asf1 in activation of the PHO5 gene. Next, we tested the ability of the human and Drosophila Asf1 homologs to activate the PHO5 gene. Asf1-mediated disassembly of the nucleosomes over the PHO5 promoter is required for activation of the PHO5 gene (1). We assayed the ability of the Asf1 homologs to activate PHO5 by measuring the acid phosphatase activity of the product of the PHO5 gene (1). We found that while hAsf1b and dAsf1 were able to activate the PHO5 gene to the same level as yeast Asf1, there was a slight delay in PHO5 activation (Fig. 5) . By contrast, hAsf1a was unable to activate the PHO5 gene (Fig. 5) . The defect in PHO5 activation in strains carrying the homologs of Asf1 was not a result of changes in Asf1 transcription, because protein levels of epitope-tagged yeast Asf1 do not change in different phosphate media (data not shown) and all the homologs were under the control of the yeast Asf1 transcriptional regulatory sequences. These data show that hAsf1b and dAsf1 but not hAsf1a are able to replace yeast Asf1 for its role in activation of the PHO5 promoter. Activation of the PHO5 gene is due to a direct role of Asf1 in chromatin disassembly at the promoter (1), suggesting, because hAsf1b but not hAsf1a can activate PHO5, that human Asf1b but not hAsf1a is likely to be directly involved in transcriptional regulation in human cells.
Human and Drosophila counterparts of yeast Asf1 have different histone-binding abilities. To further increase our understanding of the functional conservation of the Asf1 proteins in yeast, humans, and Drosophila, we asked whether the Drosophila and human Asf1 proteins could interact with some of the binding partners of yeast Asf1. Asf1 binds to histone H3 (30) , and presumably this interaction is essential for its histone chaperone function during chromatin assembly and disassembly. We measured the ability of the Asf1 homologs to bind endogenous yeast histones by coimmunoprecipitation analysis. We were barely able to detect the interaction between the endogenous yeast Asf1 protein and endogenous histone H3 by immunoprecipitation analysis (Fig. 6) . Therefore, we treated cells with the 12-angstrom cross-linker dithiobis(succinimidyl propionate) prior to immunoprecipitation to stabilize existing protein-protein interactions (4) .
Addition of the cross-linker enabled detection of coprecipitating histone H3 with yeast Asf1 (Fig. 6) . By contrast, inter- (Fig. 6) . The interaction between dAsf1 and yeast histones appeared to be the least stable, as coprecipitating histone H3 was not detectable even with the cross-linker. It is important to note that the absence of detectable coprecipitating histone H3 is very unlikely to indicate that the Asf1 protein does not interact with histone H3, but is rather a reflection of the relative stability of the Asf1-H3 interaction during the process of protein extraction and immunoprecipitation. We used anti-acetylated histone H3 antibodies for this experiment, as they were more sensitive than anti-H3 antibodies. The different affinities of the Asf1 homologs for histones are unlikely to reflect different affinities for acetylated histones, as Asf1 binds to the C terminus of histone H3, not the N terminus (18) . These data show that the relative order of affinity of the Asf1 proteins for the yeast histones, from highest to lowest, is hAsf1a, yAsf1, hAsf1b, dAsf1.
Human and Drosophila counterparts of yeast Asf1 fail to bind Rad53. The interaction between Asf1 and the DNA checkpoint protein Rad53 may be important for the role of Asf1 in protecting against genomic instability (5, 8) . Using coimmunoprecipitation analysis, we were able to detect the interaction between yeast Asf1 and Rad53 both with and without the DSP cross-linker (Fig. 6) . By contrast, neither hAsf1a, hAsf1b, nor dAsf1 detectably bound Rad53 in this assay. Given that hAsf1a can functionally replace the role of yeast Asf1 for protection from DNA-damaging agents and that hAsf1b and dAsf1 can functionally replace the role of yeast Asf1 during replicational stress (Fig. 3) , these Rad53 binding results indicate that the interaction between Asf1 and Rad53 is unlikely to be important for the function of Asf1 in protecting against genomic insults and replicational stress.
DISCUSSION
Mechanistic insight into the function of Asf1 has come largely from studies in yeast. Showing that Drosophila Asf1 and the two human Asf1 proteins can function in yeast demonstrates that the function of Asf1 is highly similar in higher eukaryotes and yeast. The eukaryotic Asf1 proteins have been highly conserved through evolution, with Drosophila and the two human Asf1 proteins being able to perform different aspects of the function of budding yeast Asf1. Furthermore, although the two human Asf1 proteins are highly similar in sequence, they are likely to have different functions within human cells because they complement distinct functions of yeast Asf1.
We conclude from our data that hAsf1a and hAsf1b have unique functions. Indeed, it appears that the functions of yeast Asf1 have been divided between the two human Asf1 proteins. Human Asf1b can replace yeast Asf1's role in growth (likely a consequence of Asf1 protecting against endogenous genomic instability during DNA replication) (24), protection against exogenous insults during DNA replication and PHO5 activation, while hAsf1a can replace yeast Asf1's role in protecting against double-strand DNA-damaging agents. Consistent with our observed role for hAsf1b but not hAsf1a during replication, quiescent human cells (nonreplicating) contain hAsf1a but have no detectable hAsf1b (21) . Furthermore, human Asf1b partially compensates for the function of yeast Asf1 in transcriptional silencing at the telomere and HMR locus, while hAsf1a partially compensates for the function of yeast Asf1 in transcriptional silencing only at the HMR locus. The molecular role that Asf1 plays in each of these processes has yet to be determined.
Asf1 is required to mediate H3 and H4 removal from the promoter of the PHO5 gene to allow PHO5 activation (1). Although it has yet to be proven, the functions of Asf1 during DNA replication, silencing, repair, and cell growth are also likely to reflect Asf1-mediated histone H3-H4 disassembly and/or reassembly accompanying DNA replication and DNA repair. The functional distinctions between the two human Asf1 proteins in yeast are likely to indicate that they perform distinct functions in human cells.
We propose that hAsf1a assembles and disassembles chromatin during DNA repair, while hAsf1b assembles and disassembles chromatin during DNA replication in human cells. Presumably, these specialized functions of the human Asf1 proteins would be mediated through differential protein-protein interactions. Yeast Asf1 has recently been shown to be recruited to DNA by replication protein C (RFC) (6) , and it would be insightful to determine whether hAsf1b but not hAsf1a can bind to human RFC. Furthermore, given that we have recently localized Drosophila Asf1 to DNA replication foci (Schulz and Tyler, submitted), it will be interesting to determine whether human Asf1b but not Asf1a localizes to DNA replication foci in human cells. Drosophila Asf1 is more functionally similar to hAsf1b (and yeast Asf1) than hAsf1a, as determined by their abilities to complement deletion of ASF1 in yeast. This would have not been predicted from the sequence identity between the proteins alone, because the identity between the conserved regions of hAsf1b and dAsf1 is 71%, while that between the conserved regions of hAsf1a and dAsf1 is 75%. Furthermore, analysis of the protein sequences does not identify regions of Asf1 that could account for the functional similarities between hAsf1b and dAsf1, as there are only three residues (82S, 86E, and 120P) that are conserved between dAsf1 and hAsf1b but absent from hAsf1a. It is conceivable that these residues are important for mediating differential protein interactions between hAsf1a and hAsf1b, but these residues do not map to any of the known interaction interfaces (3, 17) . Furthermore, there is only one residue (154D) that is present in hAsf1b, dAsf1, and yeast Asf1 but absent from hAsf1a (154E). It is unlikely that this one residue is responsible for the functional similarity between dAsf1, yAsf1, and hAsf1b and the many functional differences to hAsf1a. The recent nuclear magnetic resonance structure of human Asf1a showed several loops that were shifted relative to their positions in the yeast Asf1 crystal structure (3, 17) . Although the hAsf1b structure is not yet solved, it is possible that these loops dictate the functional specificity of the human Asf1 proteins by mediating differential protein-protein interactions.
The ability of the human and Drosophila Asf1 proteins to function in yeast indicates a striking degree of conservation of the Asf1 proteins through evolution. This functional complementation demonstrates not only that the functions of the Asf1 proteins are similar across eukarotyes, but also that the human and Drosophila proteins can interact with the yeast counterparts of their binding partners. As such, the regions of the Asf1 proteins that mediate these protein-protein interactions must fall within the highly conserved regions of Asf1 (Fig. 1A) and the binding partners of Asf1 must also have been highly conserved through evolution.
It is noteworthy that human Asf1a and Asf1b and Drosophila Asf1 have quite different affinities for the yeast histones, with hAsf1a very strongly binding and hAsf1b and dAsf1 weakly binding yeast histones. This does not necessarily reflect the affinities of the Asf1 proteins for the histones from their own species, but may reflect diversification of the histone binding region of the Asf1 proteins through evolution. However, the differential affinity of the human and Drosophila Asf1 proteins for yeast histones allows us to draw correlations with their functional abilities in yeast. It is quite striking that a stronger affinity for histones does not correlate with greater functional competence of the human Asf1 proteins in yeast. For example, hAsf1a binds yeast histones very strongly (stronger than yAsf1), but only complements the DNA damage sensitivity phenotype, not the growth defect, the sensitivity to replicational stress, or the defect in PHO5 activation or transcriptional silencing in cells lacking yeast Asf1.
It is possible that a highly dynamic interaction with histones is required in order for Asf1 to function during transcription and replication. For example, if all the hAsf1a in yeast is already bound to histones due to its high affinity for yeast histones, one could imagine that there would not be any free hAsf1a available to remove the histones from the PHO5 promoter to facilitate PHO5 activation. Similarly, an Asf1-histone interaction that is too strong could prevent the histones being released onto the DNA during chromatin assembly. We can conclude that a stronger interaction is not always a better interaction in the case of highly dynamic functions like those of the histone chaperone Asf1.
It is possible that the different abilities of hAsf1a and hAsf1b to bind to yeast histones determines how well they mimic the yeast Asf1 protein. In this case, it is possible that the observed different functions of hAsf1a and hAsf1b are an artifact of placing these proteins in yeast and that hAsf1a and hAsf1b may be fully redundant in human cells. However, the available evidence suggests that this is not the case, and that hAsf1a and hAsf1b are likely to have distinct functions in vivo. RNA interference inactivation of hAsf1a leads to a moderate delay in S phase, while RNA interference of hAsf1b leads to no delay (7) . RNA interference of both hAsf1a and hAsf1b leads to a much greater delay in S phase (7) . Similarly, hAsf1a but not hAsf1b is required to promote the formation of senescenceassociated heterochromatin foci in primary fibroblasts (34) . While studies of hAsf1a and hAsf1b in human cells are limited, the information that is available supports our data showing that hAsf1a and hAsf1b have some specific and redundant functions in vivo.
Asf1 binds to the DNA damage checkpoint kinase Rad53 in yeast (5, 8) . While this interaction is intriguing and strongly suggests that Asf1 and Rad53 function together to facilitate DNA repair and replication, we find that this is unlikely to be the case. Our data indicate that the interaction between Rad53 and Asf1 is unlikely to be important for Asf1's function in protecting against spontaneous genomic instability, DNA replicational stress and double-strand DNA-damaging agents. Furthermore, we have been unable to detect an interaction between dAsf1 and the Drosophila equivalent of Rad53, Dmchk2, by coimmunoprecipitation and in vitro binding analyses (data not shown). Similarly, an interaction between human Chk2 and human Asf1 has not been detected (7) . Furthermore, we found that Dmchk2 is not able to complement the loss of Rad53 in budding yeast (data not shown). It therefore appears that the interaction between Rad53 and Asf1 is specific to yeast and probably explains why Drosophila and human Asf1 failed to bind to Rad53 (Fig. 6) . Nonetheless, the fact that human and Drosophila Asf1 can complement the role of yeast Asf1 in protecting against DNA-damaging agents and replicational stress indicates that the interaction between Rad53 and Asf1 is not required for these functions of Asf1.
These studies also demonstrate that phosphorylation of human and Drosophila Asf1 is unlikely to be essential for its function. Human Asf1a is phosphorylated by Tousled-like kinases (Tlks) during S phase, while hAsf1b is phosphorylated by Tlks in M phase (26) . There are no obvious Tlk homologs in yeast, although it is impossible to rule out whether there are functionally analogous kinases in yeast. However, phosphorylation of yeast Asf1 has not been observed, suggesting that phosphorylation similar to that mediated by Tlks does not occur on the human and Drosophila Asf1 proteins when they are present in yeast. The fact that human and Drosophila Asf1 proteins are at least partially functional in yeast indicates that Tlk-mediated phosphorylation is not essential for their function in yeast.
It is possible that phosphorylation of Asf1 in human and Drosophila cells may play a regulatory role that is not conserved in yeast. It is noteworthy that human Asf1a but not Asf1b is phosphorylated in an S-phase-specific manner by Tlks in human cells (26) . Perhaps phosphorylation of hAsf1a is required for it to mediate chromatin assembly and disassembly during replication, and the absence of the S-phase-specific Tlk-mediated phosphorylation of hAsf1a in yeast may be responsible for the failure of hAsf1a to protect against genomic instability and replication stress-inducing drugs in yeast. Future studies are required to determine whether Tlk-mediated phosphorylation of Asf1 activates, represses, or regulates the function of Asf1.
